Histological, histochemical, ultrastructural, and microbiological techniques were used to elucidate the structure and function of the female reproductive system in the snow crab Chionoecetes opilio (0. Fabricius). The anatomy of the ovary and oviduct conform to that of other brachyuran species. The spermatheca comprises a dorsal (glandular) and a ventral (chitin-lined) region, with no intervening anatomical separation. Ultrastructural and histochemical bases are presented for the dual role of the spermatheca in secretion and sperm storage. Proteinaceous polysaccharides are the dominant holocrine secretion of the glandular epithelium. A dense, morphologically homogeneous bacterial population was observed in the spermathecae of all of 25 crabs examined. A discrete layer of nonspermatophore-containing acid mucopolysaccharides appears to be transferred to the vagina and ventral spermatheca region by the male after insemination. A functional partitioning of spermatophores seems to occur at insemination; some dehisce immediately (probably due to mechanical forces), while those resisting initial dehiscence are stored in the spermatheca. In vitro experiments show that storage in the spermatheca greatly increases the tendency of spermatophores to dehisce when exposed to sea water. 
tween such samples and those postfixed in osmium tetroxide (Owen and McCrae, 1979) , both fixation techniques were used. After 1 h of fixation/postfixation, the tissue was cut into 0.5-1 mm3 pieces, dehydrated in an ascending ethanol series, embedded in Epon resin, and polymerized. Semithin sections (1-2 um) were cut and colored with toluidine blue, while thin sections were mounted on TEM grids and contrasted with uranyl acetate and bismuth subnitrate. Grids were examined using either a Phillips 200 or 400 TEM (University ufNew Brunswick, Fredericton, New Brunswick) operating at 80 or 100 kV, respectively, or a JEOL 100 TEM operating at 80 kV (National Research Council laboratory, Halifax, Nova Scotia). Most of the TEM observations were performed on one crab from the 29 May 1989 sample and one crab from the 20 July 1989 sample; both specimens had distended spermathecae full of spermatophores.
Tissue for scanning electron microscopy (SEM) was fixed as above, dehydrated in an ascending ethanol series, critical-point dried with liquid CO2, and sputtercoated using either a gold or a palladium-gold electrode. The specimens were mounted on SEM stubs and observed using a Cambridge S4-10 SEM operating at 10 kV.
Histochemistry and Gram Staining.-Three adult female snow crabs were obtained from the fishery off eastern Cape Breton Island on 26 July 1991. Specimens were transported on ice to aquaria at the Halifax Fisheries Research Laboratory. Spermathecae were removed on 29 July and fixed according to the requirements of each histochemical test. Alloxan-Schiff was used to detect proteinaceous substances; controls were deaminated sections treated with alloxan-Schiff and with Schiff only, as well as normal slides treated with Schiffonly (Gabe, 1968) . Periodic acid-Schiffwas used to detect carbohydrates and neutral mucopolysaccharides (Martoja and Martoja, 1967) . Alcian blue was used to detect acid mucopolysaccharides following diastase digestion, and Sudan black was used to detect lipids (Vacca, 1985) . The Gram staining technique for bacteria was performed on spermathecal matrix smears removed under sterile conditions from 25 other specimens from this sampling (Hucker and Conn, 1923 Conan and Comeau, 1986 ) and ovigerous multiparous females were collected from the commercial fishery off Cape Breton Island on 23 August 1990. Two males and one female were chosen randomly for study. Seminal fluid from the posterior vas deferens (PVD-males) or matrix from the spermatheca (females) was placed in a petri dish on an ice bath. Spermatophore diameter was measured using a stereoscopic microscope and cold light source for 20 spermatophores chosen at random. Normal O?C sea water was added and the petri dish was gently swirled. Spermatophore diameter was measured after 5, 15, 30, 45, 60, and 90 min elapsed time.
A similar procedure was followed for determining percentage of dehiscence in spermatophores from an additional male and female. Counts of dehisced spermatophores were made at intervals of 5, 15, 30, 60, and 90 min. Total spermatophore numbers selected for observation were 208 (PVD) and 283 (spermatheca).
RESULTS
General Morphology. -The gross morphology of the female reproductive system, including the spermatheca, has been described previously (Beninger et al., 1988). The general anatomical relationships are presented in Fig. 1 for purposes of orientation.
Ovary and Oviduct. -The ovary is a paired structure, each half consisting of a central lumen surrounded by lobules containing developing oocytes. Connective tissue is prominent around developing oocytes, but reduced around mature oocytes (Fig. 2.2) . Previtellogenic oocytes are situated closest to the lumen, while vitellogenic and mature oocytes are located at the lobule peripheries ( Fig. 2.1, . 2). Previtellogenic oocytes are characterized by a nonbasophilic nucleus with prominent nucleolus, and by a basophilic cytoplasm devoid of yolk droplets. Vitellogenic oocytes are strongly basophilic and present nonbasophilic yolk droplets. Mature oocytes are surrounded by a follicular cell monolayer and bounded by a double envelope. Their nuclei are not visible using the Masson technique, and the cell is filled with yolk droplets of various staining affinities ( Fig. 2.2) .
The oviduct is composed of a columnar epithelium surrounded by abundant smooth muscle fibers embedded in loose connective tissue (Fig. 2.3) . The epithelium becomes secretory as it approaches the spermatheca, and secretory products can be seen in the oviductal lumen in this region (Fig. 2.1 ).
Spermatheca. -Examination of the histology and ultrastructure of the spermatheca reveals two structurally distinct regions: ventral (comprising the pouches described by Beninger et al., 1988) and dorsal (the remainder of the spermatheca), including the oviduct. These divisions are shown in Fig. 1.2 ; details of their anatomy and ultrastructure are given below. Dorsal Region. -The dorsal region of the spermatheca consists of two tissue layers: an outer layer of heavily vascularized, folded lacunar connective tissue (Fig. 3.1, . 2) and an inner glandular epithelium. The layers are separated by ramified collagenous fibers. The glandular epithelium is subdivided into a germinal zone, a glandular layer, and a squamous layer (Figs. 2.4, 3. 3). The germinal zone presents numerous mitotic figures (Fig. 3.3 ). These cells give rise to a stratified squamous epithelium composed of secretion-rich gland cells. Toward the lumen, the gland cells become progressively filled with globules of electrondense secretory products, often adhering to the cell membranes, which become extensively folded, producing an extremely complex appearance in TEM sections (Fig. 4.1) . Golgi bodies are numerous and active in these cells (Fig. 4.2) . The nuclei contain condensed peripheral heterochromatin and become increasingly irregular in cells closest to the squamous layer (Fig. 4.1) . Membrane-bound, variably shaped collecting sites are evident in the glandular layer; these become filled with electron-dense secretions as they approach the spermathecal lumen (Fig. 4.1, . 3). Cells and collecting sites in the squamous layer degenerate and slough off, liberating their contents into the spermathecal lumen (Fig. 3.4) . Spermatophores in the dorsal lumen had intact pellicles but degenerate contents.
Histochemistry. -Results of the histochemical tests are presented in Table 1 . While both the matrix and squamous layer contain substances of a proteinaceous carbohydrate nature, the matrix also contains acid mu- histology of the glandular epithelium of C. opilio agrees with that textually described for Portunus sanguinolentus (see Ryan, 1967) , and also for Callinectes sapidus (see Johnson, 1980) . In the present work, the "dense layer" of Johnson (1980) has been further subdivided into a germinal zone, a glandular layer, and a squamous layer. The mechanism of glandular secretion has previously been described as holocrine in Portunus pelagicus (see Bawab and El-Sherief, 1989) and P. sanguinolentus (see Ryan, 1967) , although no ultrastructural evidence has been presented to date. Such data in the present work confirm the holocrine mechanism in Chionoecetes opilio. The pronounced folding of the cell membranes and ultrastructural characteristics of the glandular layer resemble those in the male accessory glands of insects such as Tenebrio sp. (Happ, 1984) .
Microvilli were not observed in the dorsal region of the spermatheca. This contrasts with the observations of Angelhou-Spiliotis and Goudeau (1982) on Carcinus maenas (L.) and Johnson (1980) on Callinectes sapidus, and suggests that the spermathecal dorsal epithelium of Chionoecetes opilio is uniquely secretory, with little capacity for absorption.
Secretions.--Elucidation of the role of the dorsal glandular epithelium secretory products is confounded by mixing of the secretions with those introduced by the male during insemination. However, the data of the present study permit a more precise determination of the nature of the glandular epithelium secretions. Taken together, the histochemical tests indicate that the dominant secretion is an amine-containing neutral polysaccharide (glycoprotein or neutral mucopolysaccharide). These results are supported by the existence of numerous, highly active Golgi apparati in the glandular epithelium which produce mainly protein-containing polysaccharides. These are energyrich, hygroscopic substances.
Spermathecal secretions have been assumed to nourish stored spermatozoa in crustaceans (see review by Adiyodi and Adiyodi, 1975). However, the studies cited to support this theory (Tulsyan, 1966 Krishnakumar (1985) on the presence of a protease in spermathecal homogenates of Paratelphusa hydrodromous, although the origin of this enzyme is uncertain.
The high energy and water-binding properties of the glycoprotein/neutral mucopolysaccharide may be important for storage and dehiscence ofspermatophores. This point will be considered more fully below.
Anilkumar and Adiyodi (1977) reported similar histochemical profiles for the spermathecal epithelium at all stages of oogenesis in Paratelphusa hydrodromous. Nevertheless, a complete seasonal study is desirable for snow crabs, since one of the theories of sperm maintenance in terrestrial insects is that quiescent sperm are activated by alkaline spermathecal secretions just prior to fertilization (Parker, 1970) .
The presence of a discrete alcianophilic mass restricted to the spermathecal ventral region suggests that an acid mucopolysaccharide is added by the male in the later stages of insemination. The absence of spermatophores in this substance indicates an origin other than the vas deferens. A likely source for this secretion is the rosette gland complex of the male first gonopod (Beninger et al., 1991), which could add nonspermatophore containing substances independently of the vas deferens.
Ventral Region and Vagina. -In contrast to observations on the majid Inachus phalangium (see Diesel, 1989) , no transverse membrane or velum was found to separate the dorsal and ventral regions of the spermatheca. Such a structure is thus not a general feature of the Majidae.
The histology of the spermathecal ventral region and the vagina is similar, corroborating the idea of common anatomical origin (Payen, 1974; Bauer, 1986 ). In the ventral region of the spermatheca, the welldeveloped muscles which surround and insert on the cuticular lining could create a mixing movement to enhance the probability of spermatophore dehiscence and of encounters between oocytes and nonmotile sperm at ovulation. The large number of mitochondria associated with the condensing tonofilaments tends to support this idea (providing the energy necessary for such action). Around the vagina, where some of these muscles are also linked to the carapace, contraction could be responsible for opening the lower vagina and vulva during copulation and egg extrusion (Beninger et  al., 1988) . Diesel (1989) reported that this region must be opened "voluntarily" in order for copulation (and presumably oviposition) to occur in the majid Inachus phalangium.
The attachment of muscles to the cuticular lining of the spermathecal ventral region and the vagina is via tendons composed of condensed and condensing tonofilaments. This arrangement is as described for the cuticle of the copepod Calanusfinmarchicus by Raymont et al. (1974) , and contrasts with the direct insertion of muscles via conical hemidesmosomes as previously reported for several other malacostracans (Talbot et al., 1972; Halcrow, 1988) .
The cuticle layer immediately above the epithelium has been termed a membranous layer (Piitz and Buchholz, 1991) . In contrast to this general description for brachyurans, the results of the present study show the laminations of this layer to be well organized. The nature of the lamination is not fully understood. Although Adiyodi and Anilkumar (1988) cited Raymont et al. (1974) to show that lamination is due to alternating layers of chitin and protein, the latter study advanced no data other than the proximal composition of the cuticle.
Bacteria. -The presence of bacteria in crab spermathecae has not been reported previously. Although bacteria can be present in any structure exposed (albeit only periodically) to the external medium and to male intromittent organs, the great density and morphological homogeneity of the populations found in the spermathecae of Chionoecetes opilio is noteworthy. Rather than suggesting colonization of surfaces, which would produce a very heterogeneous population (Garland et al., 1982) , the present observations indicate that this is a rather homogeneous population. Such a situation could be fostered by the chemical characteristics of the spermatheca matrix. Spermathecal secretions and male insemination fluids may thus play an important role in maintaining such a population.
Regardless of origin, the observed density of these bacteria indicates that the effects of their metabolic activity on the chemical environment in the spermatheca and on the reproductive process itself should not be ignored. For example, their metabolic byproducts could render the spermatophore pellicle more susceptible to dehiscence upon contact with sea water, as has been proposed to occur when females use stored spermatophores to fertilize oocytes (Beninger et al.,  1988) . The results of the dehiscence experiments clearly demonstrate that storage in the spermatheca enhances spermatophore dehiscence when exposed to sea water.
Such a dense, homogeneous bacterial population may also inhibit the growth of other potentially harmful microbes. An analogous situation exists in the mammalian vagina, where glycogen is secreted by epithelial cells (which eventually slough off into the vaginal lumen) and metabolized to lactic acid by the Doderlein's bacteria (Hammersen, 1976) . The lowered pH protects the female reproductive system from opportunistic pathogens. It would thus be of interest to study the potential interactions between spermathecal secretions, bacteria, male seminal fluids, and spermatophores in Chionoectes opilio.
The presence of a discrete layer of acid mucopolysaccharides in the terminal portion of the transferred male seminal fluids is noteworthy, since Sasikala and Subramoniam (1987) suggested that acid mucopolysaccharides have an antimicrobial activity in the spermatophores of two marine prawns. Such a layer may, therefore, play an additional role in the prevention of subsequent bacterial colonization from the external medium.
The present study shows that attempts to characterize the biochemical and enzymatic dynamics of the spermathecal contents (e.g., Jeyalectumie and Subramoniam, 1991) must consider the effect of bacterial presence on data interpretation. Moreover, unless a technique is found to separate the effects of spermatozoan and bacterial metabolic activity, it will not be possible to determine whether and to what extent the various matrix substances sustain stored spermatozoa.
Implications for Spermatophore Storage and Fertilization. -Although the spermatheca obviously functions to store sperm, the complexity of this organ suggests that the processes and roles of such storage are complex in Chionoecetes opilio. Based on the assumption that in brachyurans the ovaries are not ripe at the puberty molt, Adiyodi and Anilkumar (1988) suggested that the time lag between insemination at the puberty molt and fertilization favored the evolution of spermathecae as specialized regions for sperm storage. The argument would hold for crabs which copulate in the soft-shell state and ovulate later in the hard-shell state, but many brachyurans display a variety of additional possibilities. For example, some species do not attain a terminal molt at puberty, and may retain sperm across successive molts (Ryan, 1967; Cheung, 1966 Sperm storage may thus be considered a "failsafe" mechanism, allowing females to maximize the probability of successful broods after insemination. This may be important in C. opilio, where copulatory behavior can result in injury to the female (Watson, 1972; R. W. Elner, unpublished observation). Sperm storage may not be a major fertilization pathway under normal circumstances. Indeed, a single insemination is insufficient for a second successful egg clutch in primiparous Chionoecetes bairdi (see Paul and Paul, 1992) , and in multiparous females the effectiveness of stored sperm appears to decrease substantially in the first two years after insemination (Paul, 1984) . The observations of the condition of recent and older stored spermatophores in the present study lend support to these empirical data.
Spermatophore Function and Dehiscence. -Despite numerous structural and histochemical studies (see Hinsch, 1991 , and Subramoniam, 1991, for reviews), the function and dehiscence mechanisms of spermatophores have remained enigmatic. After observing that the spermatophore pellicle breaks down shortly after insemination in two species of Geryon, Hinsch (1988) concluded that the spermatophore pellicle functions as a packaging device for sperm transfer. However, this theory does not address the question of why such packaging is necessary. Furthermore, the spermatophore pellicle remains intact over extended periods within C. opilio (see Beninger et al., 1988, and present study).
A possible mechanism for spermatophore dehiscence and function in fertilization was proposed by Beninger et al. (1988) . In this paradigm, hydration during insemination caused some spermatophores to dehisce (allowing fertilization ofoocytes), while others resisted dehiscence and were available for storage. The differential dehiscence characteristics were ascribed to variations in pellicle thickness and folding. Such a paradigm advances a function for the packaging of spermatozoa into spermatophores. The present dehiscence data show that hydration alone is a weak stimulus for dehiscence in spermatophores from the posterior vas deferens; both mechanical forces and hydration are probably necessary. Such a mechanism was suggested by Hamon (1937) for Eupagurus prideauxi Leach, and extended to other crabs by Spalding (1942) Although the acrosome reaction is facilitated by contact with sea water (Beninger et al., 1988), it also requires contact with a mature oocyte. Spalding (1942) thus concluded that the spermatophore pellicle is not necessary to protect spermatozoa from untimely acrosome reactions, but rather to "keep them in place until needed for fertilization." It is not clear why a pellicle would be necessary for such a function. However, without a pellicle, all spermatozoa might be facilitated, with excessive numbers undergoing the acrosome reaction upon contact with a single oocyte. Hence, the pellicle could also serve to reduce polyspermy and sperm wastage, enhancing the probability of sufficient numbers of spermatozoa remaining for subsequent fertilization (if needed).
Sperm Competition. -The subject of sperm competition has been recently reviewed, with emphasis on the Majidae (Diesel, 1991) . While application of these ideas to crustaceans is relatively new, considerable progress in this field has been achieved in insects. Chionoecetes opilio meets three criteria for the occurrence of sperm competition (Parker, 1970) : (1) females can mate in a hard-shelled state and are receptive more than once after the terminal molt to maturity, (2) sperm are long-lived (longer than most insect orders), and (3) site of spermatophore storage enhances the probability of fertilization.
While Diesel (1991) emphasized the layering of spermatophores from consecutive inseminations as being of prime importance in ensuring last-male precedence (since most recent sperm are in the ventral region of spermatheca, as is the oviducal opening), Beninger et al. (1991) proposed that the male first gonopod could also be used to remove previous insemination products prior to copulation. While the gonopod could probably not remove all stored spermatophores, it could certainly remove the most recent (ventral) ones, which would also be the most viable and competitive. Hence, spermatophores situated in the ventral region would have precedence over more dorsal ones, which may only be used for fertilization in the event that most ventral spermatophores have been used to fertilize a failed brood. This hypothesis could be tested using sterile male inseminations, as has been done for insects (Parker, 1970) .
